Dense Bi(Fe 1/2 Cr 1/2 )O 3 ceramics with R 3c crystal structure were synthesized by solidstate reaction under high pressure. Transmission electron microscope observations revealed an incommensurable superstructure along 110 direction. Magnetization measurements indicated a transition to a cooperative magnetic state below ∼ 130 K. Dielectric properties of Bi(Fe 1/2 Cr 1/2 )O 3 showed a dielectric constant anomaly located at ∼ 140 K indicating the giant dielectric relaxation in multiferroic Bi(Fe 1/2 Cr 1/2 )O 3 compound, which can be explained by the enhanced conductivity and possible MaxwellWagner contribution. Large dielectric frequency dispersion was observed at 140-185 K, and was supposed to be a thermal activated intrinsic process.
Introduction
Multiferroics, i.e., those materials with more than one type of ferroic order (ferroelectricity, ferromagnetism or ferroelasticity), have been revived in very recent years. Most often they are materials that combine magnetism and ferroelectricity in the same phase. 1 The coupling effect between electrical and magnetic properties can lead to additional novel effect. So multiferroic compounds have been attractive candidates for multiple storage interplayed by electric versus magnetic interactions. 2, 3 Intensively growing research activities have been devoted to this field recently. [4] [5] [6] [7] Generally, there are two types of major multiferroic compounds for transition metal oxides so far. One type is based on manganate which primarily includes RMnO 3 perovskite or RMn 2 O 5 (R = rare earth elements), [8] [9] [10] [11] wherein the ferroelectricity was believed due to the incommensurate noncollinear magnetic order or magnetic frustration. The other is composed of BiMO 3 where M is a 3d transition element. The 6s 2 lone pair of Bi (Pb) ions is believed to be the major source of distorted perovskite structure and consequently ferroelectricity. For example, BiMnO 3 is a distorted perovskite with space group C2 showing ferromagnetic transition at 110 K, and two ferroelectric phase transitions are observed at 450 K and 750 K, respectively. [12] [13] [14] [15] This is one of the unwonted single phase multiferroic materials showing coexistence of ferroelectric and ferromagnetic order states that has been found so far. However, recent experimental works 16, 17 and first principle calculation 18 suggest that the ground state of perovskite-structure BiMnO 3 is centrosymmetric with space group C 2/c. Nevertheless, Belik et al.
19 reconfirmed the C 2 space group in BiMnO 3 by selected-area electron diffraction very recent. BiFeO 3 is a magnetic ferroelectric compound, which simultaneously exhibits antiferromagnetic ordering (T N ∼ 673 K) and ferroelectric ordering (T C ∼ 1100 K) in the bulk form. 20 More recently, Azuma et al. synthesized a new Bi based multiferroic compound Bi 2 NiMnO 6 . 21 The compound shows a magnetic order at 140 K and a ferroelectric order at 485 K. Since the magnetic order and ferroelectric polarization basically excluded each other in the simple perovskite-type structure, 22, 23 the multiferroic compounds are quite rare so far. So searching for new multiferroic compounds is one of the main topics of multiferroics studies at the moment.
Recently randomly distributed on the B-site, being a spin-glass-like antiferromagnet. Here we report the fabrication, crystal structure and physical properties of multiferroic Bi(Fe 1/2 Cr 1/2 )O 3 ceramics by solid-state reaction under high pressure. We find superstructures in the sample with TEM observations. We show that the compound is multiferroic with ferroelectric response as well as giant dielectric relaxation caused essentially through the combination of reduction of conductance and the MaxwellWagner effect. 29 
Experimental Methods
Polycrystalline dense Bi(Fe 1/2 Cr 1/2 )O 3 ceramics were synthesized by the high pressure solid-state reaction technique under pressure of 4 GPa and at temperature of 900
• C for 20 min using a cubic anvil type apparatus. The details of the sample synthesis can be found in Ref. 12 .
The powder X-ray diffraction (XRD) experiments were performed with a M18AHF diffraction meter employing CuK α radiation. The TEM investigations were performed on a TECNAI F20 operating at a voltage of 200 kV. The magnetic properties of Bi(Fe 1/2 Cr 1/2 )O 3 were measured using a superconducting quantum interference device (SQUID) magnetometer. The temperature dependence of dielectric constant at various frequencies was carried out on a HP4192A impedance analyzer. The polarization versus electric field (P -E) hysteresis loop was measured using a TF 2000 ferroelectric analyzer.
Results and Discussion
XRD patterns collected on our Bi(Fe 1/2 Cr 1/2 )O 3 sample at room temperature and the simulated R 3c and R 3 structures were all shown in Fig. 1 . The crystal Energy dispersive X-ray analysis (EDX) confirmed the compositional homogeneity of the sample in terms of metallic atom ratio (not shown here). The TEM observations were performed on 60 grains. Statistics revealed that one third of the investigated grains show the aforementioned superstructure, while the rest of two third of crystallites show no superstructure feature. There are several possibilities for the origination of the observed superstructure. One is due to oxygen no stoichiometry; the other is from the ordering distribution of Fe 3+ and Cr 3+ cations at B-site as indicated by Spaldin et al. 24, 25 Since oxygen is easily affected with temperature, the stable superstructure with long time electron beam irradiation suggested that it is not from oxygen distribution or migration. Then most likely the superstructure comes from the ordered distribution of Fe and Cr ions.
TEM observations indicate that crystals with this kind of superstructure also clearly show phase separation. Figure 2( site-ordered state and phase segregations, as noteworthy structure features, exist in Bi(Fe 1/2 Cr 1/2 )O 3 materials. These features could yield salient influence on the magnetic, dielectric and ferroelectric properties observed in present system. The temperature dependence of magnetization is shown in Fig. 3 . The almost coincidence of both zero field cooling (ZFC) and field cooling (FC) measurements indicate that the compound is basically antiferromagnetic ordered. The susceptibility versus temperature in Fig. 3 reveals a maximum with an antiferromagnetic like transition (T M ) at ∼130 K. The data above T M shows the paramagnetic Curie-Weiss behavior, with a Weiss temperature (θ) of −823.1 K as shown in Fig. 3 , which indicates a strong antiferromagnetic coupling. 28 The round magnetic peak in Fig. 3 may be caused by the complicated B-site-ordered state and phase segregations elaborated in Fig. 2 .
In Fig. 4 we show the P -E hysteresis loop measured at room temperature. Due to the leakage current, the applied voltage is not so high, leading to a small polarization of 0.8 µC/cm 2 , which is much lower than the theoretical predication by Spaldin et al. 24, 25 The remnant polarization (P r ) and the coercive electric field (E c ) obtained from the hysteresis loop are 0.445 mC/cm 2 and 91.8 V/cm, respectively. Suchomel et al. reported 28 that Bi(Fe 1/2 Cr 1/2 )O 3 is a semiconductor with a measured resistivity of 1 × 10
5 Ω cm at 25
• C which is much lower than the usual value (> 1 × 10
8 Ω cm) for a typical ferroelectric compound. Our Bi(Fe 1/2 Cr 1/2 )O 3 sample also has a resistivity of 10
5 Ω cm at room temperature. However, when decreasing temperature, the resistivity of Bi(Fe 1/2 Cr 1/2 )O 3 reaches to the level of 10 10 ∼ 10 11 Ω cm comparable to that of BaTiO 3 . This indicates that the current leakage in Bi(Fe 1/2 Cr 1/2 )O 3 is resulted from the thermal activated conducting process. In Fig. 5 , we show the measurements of the dielectric properties of Bi(Fe 1/2 Cr 1/2 )O 3 at temperature range from 82 K to 240 K at different frequencies. With increasing temperature, the dielectric constant jumps up to a plateau near the magnetic phase transition point T M , before shifting to a large value. It is observed that the dielectric constant plateau quickly shifted to higher temperature and is strongly depressed by increasing frequency. The anomalies of dielectric constant ε in the vicinity of magnetic phase transition temperature T M , which may be analogic to those observed in BiMnO 3 by Kimura et al. 15 ; however, the anomalies should not be so large in this system as compared with BiMnO 3 . Also the complicated B-siteordered state and phase segregations in our Bi(Fe 1/2 Cr 1/2 )O 3 samples can result in a giant dielectric relaxation shown in Fig. 5 . Refer to some published results recently, 30, 31 we propose that this giant low-frequency permittivity is most likely due to the enhanced conductivity and possible Maxwell-Wagner contribution.
29-32
In the Maxwell-Wagner capacitor model, the response to the electric field will contain one capacitive (dielectric) term and one resistive (leakage) term. The grain boundaries and/or interfacial layers between the sample and electrodes may show different resistivity than the inter grain bulk. 29 So an anomaly of dielectric constant ε will appear at frequency near f = 1/CR, where C is capacity and R is resistivity. As shown in Fig. 5(a) , since the capacity (dielectric constant) near the anomaly is almost a constant, strong high temperature shift of frequency is expected in the ε − T curves when R is decreased at higher temperatures. The round anomaly as shown in Fig. 5 is located at 140 K at 50 Hz, and shifts to high temperature with increasing frequencies, e.g., 195 K at 10 kHz. Meanwhile, dielectric loss peaks are detected at the corresponding critical temperatures. The anomaly disappears in the ε − T curves with further increasing frequency, but the peaks in the dielectric loss indicate the high temperature shift of the dielectric anomaly.
To more systematically study the dielectric relaxation, we have investigated the variation of the relaxation temperature (Tr) with frequency. As shown in the insert of Fig. 5(b) , the change of Tr as function of frequency obeys the Arrhenius law,
where f 0 is the preexponential term, Ea is the activation energy, and K is Boltzmann constant. The fitting parameters have been obtained to be Ea = 0.19 eV and f 0 = 2.2 × 10 9 Hz.
Conclusions
In summary the multiferroic properties and crystal structure characteristics of R 3c Bi(Fe 1/2 Cr 1/2 )O 3 ceramics were investigated. An incommensurable superstructure was observed. The evolution of magnetic properties suggests that Bi(Fe 1/2 Cr 1/2 )O 3 becomes an antiferromagnet with a spin glass magnetic behavior below around 130 K. The relative slim P -E hysteresis loop at room temperature exhibits ferroelectric properties. The dielectric anomalies at temperature around the magnetic phase transition were caused by the enhanced conductivity and possible MaxwellWagner contribution in the multiferroic compound Bi(Fe 1/2 Cr 1/2 )O 3 . The strong frequency dispersion behavior for the anomalies is consistent with Arrhenius law. In this system, the giant dielectric dispersion should be a thermal activated intrinsic process.
